Certain bacterial enzymes, the diiron hydrogenases, have turnover numbers for hydrogen production from water as large as 10 4 /s. Their much smaller common active site, composed of earth-abundant materials, has a structure that is an attractive starting point for the design of a practical catalyst for electrocatalytic or solar photocatalytic hydrogen production from water. In earlier work, our group has reported the computational design of [FeFe] P /FeS 2 , a hydrogenaseinspired catalyst/electrode complex, which is efficient and stable throughout the production cycle. However, the diiron hydrogenases are highly sensitive to ambient oxygen by a mechanism not yet understood in detail. An issue critical for practical use of [FeFe] P /FeS 2 is whether this catalyst/electrode complex is tolerant to the ambient oxygen. We report demonstration by ab initio simulations that the complex is indeed tolerant to dissolved oxygen over timescales long enough for practical application, reducing it efficiently. This promising hydrogen-producing catalyst, composed of earth-abundant materials and with a diffusion-limited rate in acidified water, is efficient as well as oxygen tolerant.
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energy storage | renewable energy | density functional theory | Car-Parrinello molecular dynamics P hoto-or electrocatalytic production of hydrogen from water has attracted much attention, prompting efforts to design a catalyst composed of earth-abundant elements. Insight into the design of such a catalyst can be gained from nature as, e.g., the diiron hydrogenases of certain anaerobic bacteria produce hydrogen efficiently (1) (2) (3) (4) (5) . In particular, that of Desulfovibrio desulfuricans has a turnover number approaching 10 4 /s (6) . The high reactivity of the diiron hydrogenases suggests using a model of their common active site ( Fig. 1 ) to start theoretical design of a practical catalyst for photo-or electrocatalytic production of hydrogen from water (7, 8) .
Recently, we designed (7-9) a stable, efficient electrocatalyst, the [FeFe] P cluster (Fig. 2) , for H 2 production starting from the diiron hydrogenase active center. The cluster, attached directly to an FeS 2 (100) surface, forms an [FeFe] P /FeS 2 catalyst/electrode complex, reaching a density of reactive sites two orders of magnitude higher than obtainable by attaching the enzyme to the surface. The direct link between the active center and the surface accelerates electron transfer over that obtained by attaching the enzyme, within which the active center is buried.
The [FeFe] P catalyst could be an efficient, inexpensive hydrogen producer (8, 9) if it avoids the O 2 poisoning of the hydrogenase active center (SI Appendix) (5, (10) (11) (12) . To address this, we have investigated the binding of solvated oxygen to [FeFe] P /FeS 2 and its subsequent reaction with the cluster in water via density-functional theory calculations and Car-Parrinello molecular-dynamics simulations (13) . [No consensus has emerged for the oxygen poisoning mechanism of the enzyme or of models of its active site from experiment (5, 10, 12, (14) (15) (16) (17) (18) (19) or theory (20) (21) (22) (23) (24) (25) (SI Appendix, section S1) to guide our analysis of the oxygen sensitivity of [FeFe] P /FeS 2 beyond agreement that the oxidation process begins with an oxygen molecule binding to the distal iron, Fe d , of the diiron cluster (Fig. 1A) .] We find the cluster to be oxygen tolerant, reducing to water any oxygen it binds and surviving without structural change for times far longer than those of practical concern. To understand this tolerance, we carried out parallel studies of various O 2 -sensitive unsupported model clusters. The poisoning mechanism we found, opening of the Fe-μC-Fe bridge bond by deletion of the μC, is frustrated by stabilization of that critical bond in [FeFe] P /FeS 2 . Fig. 1 shows relevant models of the diiron hydrogenase active site whereas Fig. 2 (Fig. 3, Inset) , using the PBE functional (Methods). Structural changes upon O 2 binding were minor except for the cubane-containing H-cluster for which all CO ligands were terminally coordinated before O 2 binding and upon binding one moved from Fe d into the bridge-bonding position (compare figures 5b and 6a of ref. 20) . In studies of electron transfer in metal-dioxygen adducts on surfaces, the O 2 -metal bond strength correlates directly with charge transfer and inversely with the ionization energy of the donor (26, 27) . One expects such correlations here, provided no significant structural changes occur upon O 2 binding. The binding energies in SI Appendix, Table S1 do correlate inversely with the ionization energies of the [FeFe] H (L) clusters in various charge states, i.e., the straight line in Fig. 3 , the least-squares fit to the points associated with no significant change of structure. Even the omitted point for the B3LYP TZ study of the H-cluster model fit shows a rough correlation. [Our results for the This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: hsit@princeton.edu.
Models
H-cluster are compared in SI Appendix with those of previous theoretical studies (20, 22) .]
The values of the O-O separations in SI Appendix, Tables S1 and S3 indicate superoxide formation by transfer of an electron from the cluster to the oxygen. This is confirmed by relevant maximally localized Wannier densities (MLWD) and their centers of gravity (Wannier centers, WC) (SI Appendix, Fig. S1 ) (9, 28) . The locations of the WC and the shapes of the MLWD indicate that the O 2 -Fe d link is a dative pair bond (SI Appendix, Fig. S1 ) (9, 28) , with the superoxide as donor. According to the WC count (9, 28) We found three pathways for the reactions following O-O bond cleavage diagrammed in SI Appendix, Figs. S3-S5). In the first one (SI Appendix, Fig. S3 ), two protons and two electrons are transferred sequentially to O p at Fe d . The proton affinities exceed that of pure water, 295.5 kcal/mol, suggesting the transfers might be favorable in an aqueous environment. (Note that the proton affinity for a negatively charged system in vacuo may be larger than that in aqueous solution. Thus the fact that the proton affinity in vacuo exceeds that of pure water does not fully guarantee that spontaneous transfer from a solvated hydronium to a solvated cluster in the −1 charge state occurs.) The water molecule formed dissociates spontaneously, recovering the [FeFe] H −1 cluster. The oxygen is reduced to two water molecules.
The second pathway (SI Appendix, Fig. S4 ) deviates from the first one after release of the H 2 O formed from O d . O p combines with a CO ligand on Fe d , forming a CO 2 molecule that dissociates spontaneously as found in a previous study (20) . The bridging site is opened (SI Appendix, Fig. S2B ), by transition of the bridging CO to terminal coordination of Fe d . Two protons and two electrons are then added sequentially; the protons bind at Fe d . The two protonation energies exceed the proton affinity of water, suggesting that such proton transfers from water could be energetically favorable. The 1.74-Å distance between protons implies that two hydrides are bound separately to Fe d as confirmed by MLWD analysis (SI Appendix, Fig. S6 ). Subsequent H 2 evolution is endoenergetic by only 1.3 kcal/mol, with a barrier of 4.8 kcal/mol. The small reaction energy and energy barrier imply that the modified cluster could still produce hydrogen, with entropy gain on desorption outweighing energy cost.
The third pathway (SI Appendix, Fig. S5 ) deviates from the second one after the formation of CO 2 . Two protons and two electrons are added sequentially to the cluster. The first proton binds in the vacant Fe-Fe bridging position. This μH configuration is more stable by 15.1 kcal/mol than the terminal Fe d -H configuration of the second pathway. After the first electron transfer, the second proton cannot bind to the μH but can bind to Fe d . A hydrogen molecule can be formed after a second electron transfer by coordinated desorption of the two Hs from the bridging site and Fe d . The H 2 desorption and barrier energies are 13.4 and 19.8 kcal/ mol, respectively. Alternatively, a third proton can be stably bound to the still undercoordinated Fe d after the second electron transfer. The energy of desorption of the resulting H 2 molecule from Fe d is 19.9 kcal/mol; there is no barrier. These large energies imply that the third reaction pathway leads to inactivation of the cluster via exposure of the bridging site to proton binding by desorption of the CO 2 . Therefore, the critical questions for us to answer are: Does an analogous reaction pathway exist for [FeFe] Fig. 4 shows the intermediates along the reaction pathway. In each protonation, a proton and an electron were added together to simulate the proton and electron transfer processes, maintaining a total charge of − 2 or COOH − dissociation were comparably large, O 2 tolerance would be possible.
Reactions in Water
Seventy-nine water molecules were added to simulate real neutral water. After equilibration, (undissociated) water molecules were adsorbed on each of the six Fe sites per unit cell not linked to the cluster. This is in principle a metastable equilibrium, as the simulated pH is much higher than the pH of zero charge, pH zpc = 1.4, of FeS 2 (29) . However, it is in practice the true equilibrium configuration, because the pH cannot be adjusted continuously in our simulations. Fig. S7 ). Assuming the entropy to be insensitive to spin state apart from the contribution of multiplicity, we take 1.6 kcal/mol for the freeenergy difference between the spin states at that separation and use it to align the first proton transfer profile with the O 2 absorption profile in SI Appendix, Figure S8 .
The O 2 -binding pathway has a free-energy barrier of 15.2 kcal/ mol (SI Appendix, Fig. S8 ). This was obtained from calculations on the S = 1 surface, as suggested by the free-energy profiles in vacuo (SI Appendix, Fig. S7 ). It is unlikely that in water the switch triplet→singlet occurs before the barrier on the triplet surface is reached, i.e., at distances larger than ∼2.2 Å (SI Appendix, A proton was added to a water molecule in the bulk after the proton transfer from the surface water to O d . That proton hopped rapidly to the surface OH − via the Grotthuss mechanism to form a water molecule (SI Appendix, Fig. S10 ). This process parallels that of OH − /hydronium recombination in bulk water reported in ref. 31 . An added electron then restored the −1 charge of the cluster. However, had the added proton been already present during O 2 binding, it would most likely have migrated to the OH − instead of the proton from the surface water. The surface OH − would not have formed. The large free-energy release in SI Appendix, Fig. S8 is an artifact of our simulation, as discussed in SI Appendix, section S10.
Second Protonation of O d in Water.
Another proton added to a bulk water molecule closest to O d (Fig. 6 , black oval, 0 ps) spontaneously protonated it (black oval, 0.11 ps). The O-O bond of the dioxygen moiety then broke, and the water formed from O d moved away (black oval, 0.18 ps). O p then moved over to the CO ligand of Fe d to form a CO 2 (Fig. 6 , red oval, 0.38 ps) that remained ligated (Fig. 6, red oval, 1.43 ps) , as in vacuo. a second proton was added to the water molecule nearest O p (SI Appendix, Fig. S12 Fig. 4 for vacuum. The second is dissociation of COOH − after hydrogenation of the CO 2 before it dissociates (Fig. 4) . In both cases the μC-bridging configuration would remain stable, leaving Fe d undercoordinated. Two successive protonations of Fe d and electron transfers, after an initial electron transfer to the cluster to restore the −1 charge state in the latter case, could either produce H 2 or result in a poisoned configuration in which the Hs are too tightly bound to produce H 2 . However, we find via the kinetic analysis detailed in SI Appendix that such structural changes are sufficiently improbable to be irrelevant.
In SI Appendix we obtain and evaluate the following expression for the lifetime τ against structural change
where τ 1 is the lifetime against CO 2 desorption and τ 2 is that against COOH − dissociation. ΔF b =11.2 kcal/mol is the freeenergy difference between metastably bound and dissolved O 2 obtained from our and experimental data on O 2 in H 2 O. ΔF 1 = 47.7 kcal/mol is the free-energy barrier for CO 2 dissociation computed by constrained Car-Parrinello molecular dynamics simulation. This barrier in water is significantly larger than that calculated in vacuo because the simulation shows that hydrogen bonds are broken in the dissociation process in water. ΔF 2 is the free-energy barrier for COOH − dissociation estimated to exceed the 58.9 kcal/mol dissociation energy in vacuo because of expected similarly broken water hydrogen bonds. [O 2 ] is the bulk molecular fraction of O 2 (less than its saturation value of 0.464 × 10 −5 at 25°C), and ν CO2 is the attempt frequency for O 2 binding estimated to be kT/h ∼ 10 12 /s. We obtain a lower bound for τ of 3.2 × 10 27 y at 25°C. The catalyst is thus oxygen tolerant on any practical timescale, with ample margin for error in the computations and estimates.
The lifetime is so long because of the large positive values of the three ΔFs. The strong tridentate binding of the cluster to the pyrite surface can be expected to increase the ionization energy and thence ΔF b according to the correlation in Fig. 3 . Two effects contribute to the large values of ΔF 1 and ΔF 2 . The first one is the stability of the bridging configuration. The μCNH cannot move over to the terminal configuration on Fe d to reduce the cost of CO 2 or COOH − dissociation by reducing its undercoordination. The second one is the cost of disruption of the water's H-bond network as the dissociating molecule moves into the water.
On the basis of the computed recovery pathway in vacuo of Fig. 4 , we have performed a simplified analysis of the oxygen reduction reaction (ORR) at [FeFe] P under electrochemical conditions, using the idealized scheme developed by Nørskov and coworkers (33) . The effects of immersion in water do not substantially change the conclusions (33) . The results of this analysis are summarized in SI Appendix, section S13. SI Appendix, Fig. S13 shows the energy diagram for the ORR at several potentials; the reference potential is that of the standard hydrogen electrode so that the chemical potential of added (H + + e − ) equals that of 1/2 H 2 at pH = 0 (33).
[FeFe] P is uninteresting as a pure ORR catalyst (33, 34) , requiring an overpotential of 1.3 V, but sufficiently active for O 2 tolerance. We used the same approach to construct an analogous energy diagram (SI Appendix, Fig. S14 ), for the hydrogen evolution reaction (HER) (35) . The computed overpotential for the HER on [FeFe] P −1 (the active ready state) is 0.5 V. Under the working conditions for hydrogen evolution, the ORR is barrierless, i.e., [FeFe] P efficiently reduces those oxygen molecules that reach the vacant Fe d site. The analysis in SI Appendix of the microkinetic details of both reactions shows that the ORR is significantly slower and does not interfere with the HER. In conclusion, [FeFe] P is composed of earth-abundant elements, it is stable in the presence of ambient oxygen, its overpotential of 0.5 V is comparable to that of Au(111) (35) , and its HER microkinetics are limited by proton diffusion because of its low barrier to first protonation (8) as discussed in SI Appendix. Together these favorable features imply that [FeFe] P is a promising HER catalyst.
Methods
Density functional theory computations on the [FeFe] H cluster in vacuo were carried out with the PBE functional (36) and a plane-wave basis set as implemented in the Quantum-ESPRESSO (37) package. Cutoff energies were 30 and 240 Ryd for the wavefunctions and the augmented charge density, respectively. A cubic supercell of 15.9 Å and Γ point sampling were used. For the [FeFe] H in vacuo, we also performed calculations, using the B3LYP hybrid functional and Ahlrichs' valence triple-zeta (TZ) basis set with polarization (38) as implemented in the NWCHEM package (39) .
The calculations on the [FeFe] P cluster in vacuo were carried out with the PBE functional and plane-wave basis sets with the same cutoffs. The pyrite (100) surface was modeled in a periodic slab geometry, using the experimental lattice parameter, 5.428 Å (40), situated in a tetragonal simulation box with a = 10.856 Å and c = 21.712 Å. (Our theoretical lattice constant is 5.404 Å, 0.4% shorter than the experimental value.) We considered a 2 × 2 supercell having the ideal termination of the bulk. The slab was nine atomic layers thick with 24 FeS 2 units. K-space was sampled at the Γ point.
For calculations in water, the [FeFe] P cluster was situated in a tetragonal simulation box with a =10.856 Å and c = 32.568 Å and we added 79 water molecules to simulate immersion of the supported cluster in water of real density. Car-Parrinello molecular-dynamics simulations were performed with the CP code of the Quantum-ESPRESSO package, and free energies along reaction pathways were obtained from constrained molecular-dynamics simulations (41) . A fictitious electronic mass of 350 a.u. and a time step of 0.072 fs were used, and the temperature was set at 330 K. (The temperature was set slightly higher than room temperature to compensate for the known underestimation of diffusion in water simulations, using the Perdew-BurkeErnzerhof (PBE) functional (42) .) The total spin was maintained along each molecular-dynamics trajectory. Maximally localized Wannier functions (28) and their centers were obtained using the CP code of the Quantum-ESPRESSO package.
